Background-Early detection and treatment of cardiovascular disease (CVD) risk factors produces significant clinical benefits, but no consensus exists on optimal screening algorithms. This study aimed to evaluate the comparative and costeffectiveness of staged laboratory-based and non-laboratory-based total CVD risk assessment. Methods and Results-We used receiver operating characteristic curve and cost-effectiveness modeling methods to compare strategies with and without laboratory components and used single-stage and multistage algorithms, including approaches based on Framingham risk scores (laboratory-based assessments for all individuals). Analyses were conducted using data from 5998 adults in the Third National Health and Nutrition Examination Survey without history of CVD using 10-year CVD death as the main outcome. A microsimulation model projected lifetime costs, quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios for 60 Framingham-based, non-laboratory-based, and staged screening approaches. Across strategies, the area under the receiver operating characteristic curve was 0.774 to 0.780 in men and 0.812 to 0.834 in women. There were no statistically significant differences in area under the receiver operating characteristic curve between multistage and Framingham-based approaches. In cost-effectiveness analyses, multistage strategies had incremental cost-effectiveness ratios of $52 000/QALY and $83 000/QALY for men and women, respectively. Single-stage/Framingham-based strategies were dominated (higher cost and lower QALYs) or had unattractive incremental cost-effectiveness ratios (>$300 000/QALY) compared with single-stage/non-laboratorybased and multistage approaches. Conclusions-Non-laboratory-based CVD risk assessment can be useful in primary CVD prevention as a substitute for laboratory-based assessments or as the initial component of a multistage approach. Cost-effective multistage screening strategies could avoid 25% to 75% of laboratory testing used in CVD risk screening with predictive power comparable with Framingham risks. (Circ Cardiovasc Qual Outcomes. 2014;7:25-32.)
T he clinical benefits from early detection and treatment of cardiovascular disease (CVD) risk factors are significant and well established. 1, 2 There is less agreement on what form an optimal CVD screening strategy should take in light of the various screening mechanisms available to stratify high-and low-risk persons for intervention. [3] [4] [5] [6] A recent review of CVD screening guidelines from major professional organizations in Western countries found that most guidelines called for assessments based on total CVD risk scores, and all of these risk scores included ≥1 laboratorybased component (ie, total and high-density lipoprotein cholesterol). 7 Non-laboratory-based risk assessment approaches use risk factors that can be assessed in a 5-or 10-minute clinical evaluation (such as age, smoking, blood pressure, and body mass index) to predict CVD risk using less time and fewer resources compared with laboratory-based risk scores. 8 We previously found that a non-laboratory-based CVD risk score discriminated CVD mortality risk similar to the Framingham risk scores in a representative US population in men, but there were significant differences in women. 9 A potential 2-staged CVD screening strategy could incorporate non-laboratorybased risk assessment as an initial step to identify patients who would benefit the most from further laboratory-based testing (eg, using Framingham risk) and recommend treatment decisions accordingly (ie, those determined to be high risk at either stage would receive treatment, others would not), thus optimizing the trade-offs in predictive accuracy and cost compared with purely laboratory-or non-laboratorybased approaches. 10 The objectives of this study were to evaluate the potential role of multistage screening using 2 types of analysis: (1) an external validation of the risk discrimination performance of various multistage specifications compared with the Framingham CVD risk score and (2) a cost-effectiveness analysis (CEA) of various multistage specifications compared with Framingham-and non-laboratory-based screening strategies.
Methods
Primary CVD screening strategies were evaluated using 2 types of analyses: (1) receiver operating characteristic (ROC) curve analysis using observational data from the Third National Health and Nutrition Examination Survey (NHANES III) and (2) modelbased CEA using data from the 2005 to 2006 and 2007 to 2008 NHANES populations and other published sources. We considered 3 general types of screening strategies for our study: (1) singlestage/Framingham-based strategies, where all individuals aged 25 to 74 years were characterized as high or low risk based on their Framingham CVD risk (this approach is most consistent with current statin treatment guidelines for developed countries) 6 ; (2) singlestage/non-laboratory-based strategies, which were similar to the single-stage/Framingham-based approach except that there was no cholesterol testing, and risk characterization was based on nonlaboratory-based total risk; and (3) multistage screening, where only a subset of individuals with intermediate-level risk results in a nonlaboratory-based assessment would go on to receive laboratory testing, and individuals could be characterized as high risk from stage 1 (based on their non-laboratory-based risk) or stage 2 (based on their Framingham CVD risk). 11
Multistage Screening Strategy
Stage 1 in the proposed multistage screening approach was to calculate an individual's total CVD risk (ie, risk of having a fatal or nonfatal CVD event) using the following non-laboratory-based risk factors: age, sex, smoking status, history of diabetes mellitus, blood pressure treatment, systolic blood pressure, and body mass index. 8 The resulting total risk predictions were used to identify 3 types of patients from stage 1: (1) high-risk patients, (2) intermediate-risk patients who were identified for laboratory-based risk assessment, and (3) low-risk patients. Framingham-based risk assessment results from stage 2 dictated dichotomous risk characterization (ie, high or low risk) for patients at intermediate risk (as identified by the stage 1). This type of multistage screening strategy was therefore defined by 3 variables: (1) an upper bound for the non-laboratory-based risk assessment (to identify high-risk individuals from the first stage), xU; (2) a lower bound for the non-laboratory-based risk assessment (to identify low-risk individuals from the first stage), xL; and (3) a Framingham-based treatment threshold for those at intermediate risk from the first stage, xT. In the risk discrimination analysis, we compared the Framingham CVD risk score (single-stage/laboratorybased strategy) with 3 versions of the multistage strategy that only used laboratory-based risk assessment for 75%, 50%, and 25% of the population. Appendix A1 in the Data Supplement describes these strategies in more detail. Figure 1 shows how a hypothetical multistage screening strategy would dictate laboratory screening and statin treatment decisions in the model-based CEA.
Study Population for ROC Analysis
NHANES III is a complex, multistage, nationally representative US sample that contains health and nutrition information for 33 394 persons aged ≥2 months. 12 Baseline values were collected from 1988 to 1994, and cause-specific mortality status is available for adults up to 2006, providing ≥10-year follow-up data for these individuals. The general methodology and results for the NHANES III are described elsewhere. 13 Among the 20 050 adults in the NHANES III population, 14 973 were between the ages of 25 and 74 years and 1742 of these individuals were excluded from our study sample for history of myocardial infarction, heart failure, stroke, or cancer, resulting in 13 248 individuals who met our inclusion criteria. Among these individuals, 5999 had complete data required to calculate the Framingham and non-laboratory-based risk scores. Although we focused our study on the population with complete data, we used imputed data to address the possibility of confounding attributable to missing values in our analysis. Appendix A2 in the Data Supplement describes the missing data and imputation approaches used in the risk discrimination analysis.
Risk Discrimination Analyses Using ROC Analysis
The performance in risk discrimination for each screening strategy was assessed using the individual score-specific ranks, with 10-year CVD death as the outcome of interest. Causes of death for the NHANES III population were verified by National Death Index death certificate match. CVD deaths were defined by having an underlying cause of (International Classification of Diseases, Tenth Revision codes in parentheses) acute myocardial infarction (I21-I22), other acute ischemic heart disease (I24), atherosclerotic cardiovascular disease (I25.0), all other forms of chronic ischemic heart disease (I20, I25.1-I25.9), or cerebrovascular diseases (I60-I69). Sex-specific ROC curves were generated, and areas under the ROC curve (AUCs) were compared for the Framingham CVD risk score and 3 versions of the multistage screening approach defined by different boundary thresholds for intermediate risk. Sensitivity, specificity, positive predictive value, and negative predictive value were also calculated for each screening approach based on a commonly used risk threshold (10-year Framingham CVD risk >10% 6 ). The Hosmer-Lemeshow statistic for reclassification index could not be calculated because of the outcome data being restricted to fatal CVD events (the risk scores predict fatal and nonfatal CVD outcomes). 14 We assumed a monotonic relationship between the risk of fatal CVD
WHAT IS KNOWN
• Identifying high-risk individuals for statin initiation is a widely-recommended primary prevention strategy. • Most primary cardiovascular disease (CVD) prevention guidelines in developed countries recommend assessing CVD risk using total risk scores, such as the Framingham risk score, that require cholesterol information. • A simple, non-laboratory-based CVD risk score has been developed and validated for the US population that could be used as a substitute for or in conjunction with laboratory-based scores.
WHAT THE STUDY ADDS
• Up to 75% of cholesterol laboratory testing used for primary CVD prevention in the United States could be avoided under a multistage screening approach (that uses non-laboratory-based screening as an initial test) without significant reductions in CVD mortality prediction. • Non-laboratory-based CVD risk assessment could represent a cost-effective primary prevention screening approach in the United States, either as single test or as part of a multistage screening framework. events observed in the data and the composite outcomes predicted by the CVD risk scores in the ROC curve analysis because of this data limitation. The non-laboratory-based score predicted both fatal and nonfatal CVD events similarly compared with laboratory-based scores in its derivation study, which supports our assumption of this monotonic relationship. 8
Model-Based CEA
We developed a CVD microsimulation model to assess the costeffectiveness of single-stage and multistage screening strategies that informed laboratory testing and statin treatment decisions. The model projected the lifetime health outcomes and CVD-related costs of 10 000 men and 10 000 women sampled from representative NHANES populations (2005-2006 and 2007-2008 waves) without history of CVD. Figure 2 shows the model structure in terms of general disease states and possible annual transitions. This structure was based on a previously published CVD Markov model in which CVD risk is based on Framingham (laboratory based) risk functions. 15, 16 Because this study focuses on primary CVD prevention, all of the individuals started in the disease free (without treatment) health state. Individuals in this health state were screened for CVD using nonlaboratory-based (and potentially laboratory based) risk assessment every 5 years at a routine general physician visit, until they were characterized as high risk and received treatment, experienced a coronary heart disease or stroke event, or died. Appendix A3 in the Data Supplement contains detailed information about the model structure, population, input parameters, and calibration of the disease model. Figure 2 depicts the microsimulation model structure.
We projected the average per-person costs and quality-adjusted life years (QALYs) accrued using 20 total risk thresholds for each singlestage strategy and 20 combinations of thresholds for each multistage approach (Appendix A4 in the Data Supplement contains more detail about all 60 strategies evaluated). Strategies were ranked by cost, and then incremental cost-effectiveness ratios were calculated; inefficient strategies were ruled out by strong dominance (higher incremental costs and lower incremental QALYs) or weak dominance (if they had higher incremental costs per QALY than a more effective strategy) per conventional CEA rules. 17 Costs and QALYs were each discounted at 3% as recommended by the US Panel on Cost-Effectiveness in Health and Medicine. 18 Risk thresholds were evaluated separately for men and women because of sex-specific differences in CVD prevalence and severity.
For multistage strategies, we included a sensitivity analysis that allowed for the possibility of higher retention and treatment initiation for patients identified as high risk from stage 1 compared with those identified as intermediate risk in stage 1 and high risk in stage 2 based on the premise that immediate treatment initiation would result in better adherence relative to delayed medication decisions. There is some evidence for the effect of statin initiation timing on adherence for secondary CVD prevention, but there is no analogous study for primary CVD prevention. 19 Therefore, we assumed modest differential rates of 100% initiation for stage 1 and 95% for stage 2 (ie, 5% of individuals characterized as high risk from stage 2 would not receive treatment because of lack of follow-up of laboratory results) in a sensitivity analysis. 20 We varied the values of all input parameters across plausible ranges in deterministic sensitivity analyses to assess the robustness of model-based CEA results. Given the relative importance of our Figure 1 . A hypothetical 2-staged primary cardiovascular disease (CVD) screening strategy that incorporates non-laboratory-based risk assessment. In a multistage screening framework, all individuals are assessed using non-laboratorybased risk assessment initially, and those at intermediate risk from the first stage are ultimately assessed using laboratory-based (Framingham) risk. xT is the laboratory-based treatment threshold, xL is the lower bound for laboratory testing (based on non-laboratory-based risk assessment), and xU is the upper bound for laboratory testing (based on non-laboratory-based risk assessment). Compared with laboratory-based risk assessment strategy for all individuals, a multistage strategy would only result in different treatment decisions for individuals in regions I and VI. Regions I and II would be characterized as high risk and recommended for statin treatment but not recommended for laboratory testing from stage 1. Region III would be characterized as intermediate risk and recommended for laboratory testing from stage 1, but not recommended for statin treatment based on stage 2. Region IV would be characterized as intermediate risk and recommended for laboratory testing from stage 1 and recommended for statin treatment based on stage 2. Regions V and VI would characterized as low risk and not be recommended for either laboratory testing or statin treatment from stage 1. assumptions around treatment initiation and additional physician visit costs associated with stage 2, we performed 2-way sensitivity analyses around these parameters. We also performed a probabilistic sensitivity analysis to assess the overall uncertainty of our CEA results with respect to joint uncertainty around all model parameters. Detailed deterministic and probabilistic sensitivity analysis methods are described in Appendix A5 in the Data Supplement. There was no need for Institutional Review Board approval because there were no human subjects or animal subjects used for any of our analyses. Table 1 shows the risk profile characteristics of the NHANES III population used in the risk discrimination analysis by sex for the subpopulation for whom complete data were available. Appendix A6 in the Data Supplement shows the same information for the full population, which includes imputed values for missing data. From 10-year follow-up data for each individual (excluding those with imputed risk characteristics values), there were 118 and 58 CVD deaths for men and women, which represented 26.6% and 25.3% of the total deaths within the 10-year follow-up period, respectively. Figure 3A and 3B show the ROC curves for the Framingham CVD risk score and the 3 versions of the multistage screening strategy evaluated in the risk discrimination analysis (where 75%, 50%, or 25% of the population would receive laboratory testing). In men, the AUC for the Framingham CVD risk score was 0.776 and the multistage strategies had AUCs of 0.774 to 0.780, with no significant differences between the Framingham and any multistage strategies (all P>0.5). In women, the AUC for the Framingham CVD risk score was 0.834 and the multistage strategies had AUCs of 0.812 to 0.827, with no significant differences between the Framingham and any multistage strategies (all P>0.05). Table 2 contains detailed information (AUCs with 95% confidence intervals, P values compared with Framingham, sensitivity, specificity, positive predictive value, negative predictive value) for all screening approaches analyzed in the risk discrimination analyses, and Appendix A6 in the Data Supplement contains these results for the imputed population analysis. Table 3 shows the lifetime, discounted, per-person total cost, and QALY results for the nondominated single-stage/ Framingham-based, single-stage/non-laboratory-based, and multistage screening strategies included in the model-based CEA. In the base-case analysis, there were no single-stage/ Framingham-based strategies on the efficient frontier (ie, all of the single-stage/Framingham-based strategies were dominated) for men and only 1 for women (at the highest cost and QALY result, with an incremental cost-effectiveness ratio of $330 000/QALY). At a willingness to pay for health estimate of $50 000/QALY, single-stage/non-laboratory-based thresholds of >2% and >7.5% would be optimal primary CVD screening strategies for men and women, respectively. At a WTP for health estimate of $100 000/QALY, different forms of multistage screening strategies would be optimal for men and women. Various forms of single-stage/non-laboratorybased and multistage strategies would be optimal at lower WTP estimates ($8000-$45 000/QALY).
Results
Model-based CEA results were most sensitive to variations in stage-specific physician costs and treatment initiation assumptions, statin costs, disutility associated with taking statins, statins-induced diabetes mellitus, and model time horizons. Specifically, excluding extra physician costs (to follow up on laboratory results) associated with stage 2 favored approaches that involved laboratory testing (ie, single stage/ Framingham based and multistage), higher treatment initiation from stage 1 favored the single-stage/non-laboratorybased approach, whereas higher statin costs, larger disutility from taking statins, statin-induced diabetes mellitus risks, or lower model time horizons favored stricter (ie, higher) treatment thresholds for all types of strategies. Probabilistic sensitivity analysis results were similar to the base-case findings. Appendices A5 and A7 in the Data Supplement contain details on the methods and results of the sensitivity analysis, respectively.
Discussion
In this study, we proposed and evaluated a multistage primary CVD screening framework for adults in the United States without history of CVD. Our discrimination analysis showed that multistage screening approaches discriminated risk of CVD death comparably with the Framingham risk score while avoiding 25% to 75% of laboratory tests that would be used for primary CVD prevention. We also found that costeffective screening guidelines (assuming commonly used cost-effectiveness thresholds of $50 000-100 000/QALY) included non-laboratory-based risk assessment as a singlestage or as part of multistage screening approach. Single-stage/ Framingham-based screening, which is the approach that is most consistent with current screening recommendations in developed countries, was dominated or offered poor value for money based on typical standards for cost-effectiveness ratios (eg, with incremental cost-effectiveness ratio >$300 000/ QALY, which significantly exceeds oft-used benchmarks of $50 000 or $100 000 per QALY) in our base-case CEA. 21 Our cost-effectiveness results were most sensitive to assumptions regarding statin costs, disutility associated with taking statins, statin-induced diabetes mellitus, model time horizon, extra physician visit costs associated with laboratory testing, and the effect of treatment initiation timing on statin adherence.
Our risk discrimination results would confirm the intuition physicians might hold for low-and high-risk individuals screened for primary CVD risk, which is that laboratory testing will not change the risk assessment and treatment decisions in most cases. Cholesterol information might influence decisions for those at intermediate risk, especially considering previous evidence that there were significant differences in predicting CVD death between the Framingham and non-laboratory-based score in women. 9 In this study, we found no significant difference between the multistage screening approaches and the Framingham risk score in the same population. In our model-based CEA, we assumed that cholesterol levels influenced the underlying risk in patients (and non-laboratory-based risk assessment was only used a proxy for this true Framingham-based risk function) and still found that universal laboratory testing was an inefficient use of healthcare resources compared with non-laboratory-based or multistage approaches.
A recent modeling study by Chamnan et al 10 assessed the impact of a multistage screening framework that incorporated simple CVD risk assessment (using the Cambridge risk score) as an initial phase and found that their multistage approach could produce a similar number of CVD events avoided compared with more expensive laboratory-based strategies in the United Kingdom. Costs were not explicitly modeled in that study; however, screening and treatment A B Figure 3 . Receiver operating characteristic (ROC) curves (10-year cardiovascular disease [CVD] death outcome) for multistage and Framingham CVD risk scores for (A) men and (B) women. ROC curves for the 3 versions of the multistage screening strategy (with 25%, 50%, and 75% of the population receiving laboratory-based testing) and the Framingham (Fram) CVD scores, with 10-year CVD death as the outcome of interest, for individuals with complete data. For men (A), the performances in risk discrimination, as assessed by area under the ROC curve (AUC) were 0.776, 0.774, 0.778, and 0.780 for the Framingham CVD and multistage (75%, 50%, and 25% of adults receiving laboratory-based risk assessments) risk scores, respectively, with a P value for the differences compared with the Framingham score of 0.71, 0.74, and 0.57. For women (B), the corresponding AUC results were 0.834, 0.827, 0.819, 0.812, with P values for the differences compared with the Framingham score of 0.15, 0.14, and 0.06. thresholds were based on relatively arbitrary cutoffs (ie, 20% of Cambridge score risk distribution) as opposed to optimized thresholds informed by CEA. Despite the differences in study approaches, our risk discrimination and cost-effectiveness findings support the policy conclusions from that study, which is that non-laboratory-based and multistage screening guidelines might save enough resources from reduced laboratory tests to justify any reduction in screening accuracy from the lack of cholesterol information.
Recent studies have evaluated the cost-effectiveness of primary CVD screening guidelines for statin treatment decisions in developed countries, but none of these economic evaluations incorporated a non-laboratory-based screening component. [22] [23] [24] [25] [26] The non-laboratory-based and multistage screening frameworks are consistent with the evolving trend of primary risk CVD assessment, which is moving away from single risk factor-based guidelines to total risk-based (or personalized) approaches. 27 The incorporation of a nonlaboratory-based component can allow physicians to make treatment decisions faster and at lower costs compared with current laboratory-based recommendations. Our study is the first to evaluate the trade-offs between risk discrimination performance, screening costs, and health benefits after incorporating simple risk assessment.
Our study has several important limitations. First, the outcome in our risk discrimination (ROC curve) analysis did not include nonfatal CVD events, but the non-laboratory-based risk score was shown to predict fatal and nonfatal CVD outcomes with similar accuracy compared with laboratory-based approaches. 8 Our model-based CEA, however, explicitly modeled both fatal and nonfatal CVD events and their cost, morbidity, and mortality implications. Second, we assumed that the benefits from statin treatment were constant for a long time horizon and across a wide spectrum of risk in the model-based CEA. Although most statin trials have not extended beyond 5 years, the former assumption is commonly made in modeling studies with lifetime horizons (with treatment adjustments made for compliance and adverse events). [23] [24] [25] [26] 28, 29 The latter assumption is supported by findings from the recent Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin (JUPITER) trial and Cholesterol Treatment Trialist's (CTT) Collaborators' metaanalysis, which suggested that statin benefits are not different between healthy and higher-risk individuals. 30, 31 Third, we only considered age-constant screening and treatment thresholds in our study, although there is evidence that age-specific thresholds could result in efficiency gains. 22 Although we recognize that younger individuals have longer tails of life expectancy, and this could affect optimal specifications of treatment thresholds, we opted to only consider age-constant thresholds to minimize the complexity of our policy recommendations. Fourth, our microsimulation model was biased in favor of the Framingham-based screening strategies attributable to the underlying (Framingham) risk functions that determined CVD outcomes in the model. This assumption was conservative in terms of the role of non-laboratory-based and multistage risk screening strategies, which were shown to be cost effective relative to Framingham-based screening despite this bias. Our cost-effectiveness results suggest that the benefits treating individuals for primary CVD prevention with statins would outweigh the costs and risks of taking these drugs. Some have argued that statins are overprescribed in individuals without history of CVD. 32 However, our empirical analysis of the NHANES III population shows that multistage screening could be applied to any targeted primary prevention strategy, such as smoking cessation or intensive diet and exercise interventions, if a statin-based approach is not justified. In addition, although we found that cost-effective treatment thresholds were sensitive to several statin-related model parameters (such as stain price, disutility associated with taking statins, and statin-induced diabetes mellitus), all efficient screening approaches in these scenarios were still heavily based on non-laboratory-based and multistage strategies.
Our multistage screening framework is relatively more complex than single-stage strategies, and recent modeling studies have evaluated the use of novel CVD biomarkers (such as C-reactive protein) or more detailed treatment algorithms (that vary depending on the statin type and dosage based on additional risk thresholds) that were not considered in our analysis. 25, 33 Although we do not question the potential importance of these additional considerations, we opted to focus on the incorporation of the non-laboratory-based screen stage instead of attempting to simultaneously evaluate a large number of factors that could influence the efficiency of CVD screening guidelines. Future observational and model-based analyses can incorporate these considerations, and other developments related to CVD screening and treatment, into multistage screening studies.
Policy Implications and Conclusions
Previous studies have identified the potential for efficiency gains from incorporating non-laboratory-based into a multistage primary CVD screening framework. Our study explicitly evaluated the trade-off between lower costs and reduced screening accuracy from substituting simple risk assessment for conventional laboratory approaches. In our risk discrimination analyses, we found that multistage screening approaches could predict 10-year CVD death comparably with the Framingham risk score while saving 25% to 75% laboratory testing used in primary CVD screening efforts. We also found that universal laboratory-based guidelines (ie, single stage/Framingham based) were not efficient screening options compared with non-laboratory-based or multistage screening frameworks across a wide range of relevant willingness-to-pay estimates for health ($10 000-$100 000/QALY). Future studies can apply this multistage screening framework in other developed countries, as well as in low-and middle-income countries, where the screening and treatment conditions would likely lead to different formulations of optimized laboratory testing and statin treatment thresholds. 
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